Objective-To establish and characterize a novel domestic porcine model of obesity.
Introduction
Obesity has become an important clinical and public health burden worldwide. Its prevalence is on a rampant increase, leading to increased morbidity and mortality due to cardiovascular (CV) disease 1 . The metabolic syndrome doubles the risk for CV disease, more than triples the risk for CV mortality, and raises the risk for diabetes about 5 fold 2 . Visceral obesity is a major component of metabolic syndrome. 3, 4 Subsequent development of insulin resistance, which characterizes metabolic syndrome, is associated with microvascular (MV) dysfunction, and aggravates myocardial inflammation, oxidative stress, and fibrosis 5 .
An important factor linking metabolic syndrome and development of CV disease is the activity of the adipose tissue, an endocrine organ that secrets humoral factors (adipokines) and pro-inflammatory cytokines, causing a chronic low-grade inflammation and insulin resistance. In particular, macrophages have been implicated in adipose inflammation and systemic metabolic abnormalities 6 . Adipose tissue inflammation contributes to the emergence of many pathological features that characterize the metabolic syndrome and result in atherosclerosis and CV disease 7 .
The pericardial adipose tissue might be particularly perilous for the heart, because of its anatomic proximity to the myocardium. Correlations between increased epicardial adipose tissue and impaired cardiac dysfunction led to the postulation that epicardial adipose tissue may release inflammatory cytokines to the vascular wall, impairing coronary vascular function 8, 9 .
However, elucidation of pathological mechanisms underlying the CV risk in metabolic syndrome is hampered by the limited availability of pre-clinical animal models of metabolic syndrome. We have previously shown that domestic farm pigs fed 2% high cholesterol diet develop endothelial dysfunction and early changes of atherosclerosis in blood vessels, heart and kidney, 5, 10-12 but not insulin resistance or hypertension. A high fat and fructose diet can induce insulin resistance in rats 13, 14 and Ossabaw mini-pigs 15, 16 , but whether it can induce the Metabolic syndrome in domestic pigs has not been fully clarified. This study was designed to develop and characterize the evolution of metabolic syndrome in a domestic pig model. We tested the hypothesis that domestic pigs fed with high fat/fructose diet would develop obesity with insulin resistance, which would be associated with pathological fat remodeling.
Method

Study protocols
The Institutional Animal Care and Use Committee approved this study. Fourteen 3-months old female domestic pigs were randomized in two groups (n=7 each): Control (Lean) pigs were fed standard chow (13% protein, 2% fat, 6% fiber, Purina Animal Nutrition LLC, MN), and obese with a high-fat/high-fructose diet fed ad libitum (5B4L, protein 16.1%, ether extract fat 43.0%, and carbohydrates 40.8%, Purina Test Diet, Richmond, Indiana), for a total of 16 weeks, with free access to water. At 8, 12, and 16 weeks, subcutaneous abdominal adipose tissue biopsies and fasting blood samples were collected under anesthesia and sterile conditions in all pigs. At 16 weeks, the pigs were studied in-vivo with magnetic resonance imaging (MRI, for myocardial oxygenation) followed by multi-detector computed-tomography (MDCT, for cardiac structure, function, and myocardial perfusion) 2 days later. Three days following the completion of in-vivo studies, pigs were euthanized with pentobesearbital-sodium (100mg/kg IV, Sleepaway®, Fort Dodge Laboratories, Fort Dodge, Iowa). Terminal pericardial and subcutaneous abdominal adipose tissue biopsies were collected and tissue studies performed for assessments of fat inflammation and remodeling.
Systemic measurements
Arterial blood pressure was directly measured through a catheter inserted in the right carotid artery using a pressure transducer before MDCT scanning. Heart rate was monitored and recorded during MRI and MDCT studies. Rate pressure products (heart rate × systolic blood pressure) were calculated as an index of oxygen consumption. Systemic levels of monocyte chemoattractant protein (MCP)-1 and tumor necrosis factor (TNF)-alpha (Invitrogen Life Technology, Grand Island, NY) were tested by ELISA, as previously described 17 , and total cholesterol, triglycerides, low-density lipoproteins (LDL), and high-density lipoprotein (HDL) by standard procedures. Intravenous glucose tolerance test (IVGTT) was performed at 12 and 16 weeks and the homeostasis-model-assessment of insulin resistance (HOMA-IR) (fasting plasma glucose ×fasting plasma insulin/22.5) used as an index of insulin resistance 5 .
In Vivo Studies
Each in vivo study constituted of MRI followed by MDCT studies 2 days apart. For each study animals were weighed, induced with IM Telazol (5mg/kg) and xylazine (2 mg/kg), intubated, and ventilated with room air.
MRI-Blood
Oxygen Level-Dependent (BOLD)-MRI was performed to evaluate myocardial oxygenation [18] [19] [20] [21] [22] . Briefly, under 1-2% isoflurane anesthesia, pigs were positioned in the MRI scanner (Signa Twin Speed EXCITE 3T system, GE Healthcare, Waukeshau, WI) and BOLD images (4-5 axial-obeselique) acquired along the cardiac short axis during suspended respiration. Gated Spoiled Gradient Echo (SPGR) sequence with TR/TE/number of echoes/Matrix size/FOV/Slice thickness/Flip cardiac angle = 20.5 ms/2 ms/8/128x128/35/0.5 cm/30°. Imaging was repeated during intravenous injection of adenosine (400 μg/kg/min) through an ear vein catheter. BOLD data was processed in MATLAB 7.10 (The MathWorks Inc., Natick, MA). The BOLD index, R 2 *, was estimated in each voxel by fitting the MR signal intensity vs. echo time to a single exponential function and calculating the MR intensity decay rate. Myocardial R 2 * values were estimated from regions of interest (ROI) defined based on T 2 *-weighted MR images and calculating R 2 * weighted-average of all ROIs.
MDCT-MDCT scanning (Somatom Sensation-64, Siemens Medical Solution, Forchheim, Germany) was performed 2 days after MRI to evaluate cardiac structure and function as described 23 including cardiac systolic, diastolic, and vascular endothelial function. Briefly, mid left ventricle (LV) levels were selected for evaluation of microvascular perfusion and function. A bolus injection of nonionic, low-osmolar contrast medium (iopamidol-370, 0.33 ml/kg over 2 s) into the right atrium was immediately followed by a 50-s flow study during respiratory suspension at end expiration. Fifteen minutes later, the functional study was repeated during a 5-min intravenous infusion of adenosine (400 μg/kg/min). Two parallel 6-mm-thick cardiac sections were investigated throughout the cardiac cycle with a full-scan reconstruction (330 ms) at 50-ms increments. The entire LV was also scanned 20 times throughout the cardiac cycle to obtain multilevel images for cardiac systolic and diastolic functions 23, 24 .
CT data analysis
Cardiac measurement: All Images were analyzed with the Analyze™ software package (Biomedical Imaging Resource, Mayo Clinic, Rochester, MN), as we have reported previously 23, 24 . For LV function, the LV endocardial surfaces were traced at end diastole and systole. Stroke volume, cardiac output, and LV ejection fraction were calculated as shown previously 23, 24 Early (E) and late (A) LV filling rates were calculated from the positive slopes of the LV volume/time curve 25 . Myocardial perfusion was calculated from time-density curves generated secondary to transit of contrast media 26 .
Fat volume measurement: Subcutaneous adipose tissue was traced in 15 abdominal slides from the middle level of kidney on MDCT image analysis and expressed as volume and fraction, modified from previously descripted 5, 10, 19, 27 . For pericardial fat volume, a ROI was traced surrounding the heart on the MDCT-derived cross-sections throughout its entire volume, and pericardial fat then measured based on the attenuation range for fat, and expressed as ratio to the volume of the heart 5, 27 .
Exvivo Studies
RT-PCR-Frozen abdominal or pericardial fat tissues (~50mg) were homogenized in 350ul of ice cold lysis buffer, supplied by mirVana PARIS total RNA isolation kit (Life Technologies, Cat# AM1556).
Total RNA was then isolated from homogenized samples, and its concentration measured by a Spectrophotometer (NanoDrop). 50μl of the RNA samples were then treated with 2 units for rDNase (Life Technologies, Cat# AM1906) to remove possible contaminating DNA. First-strand cDNA was produced from 300ng of total RNA using SuperScript VILO cDNA Synthesis kit (Life Technologies, Cat#11754-050). Relative quantitative PCR was performed using Taqman assays, containing 20ng of cDNA products. Taqman assays included the followings: iNOS (Ss03374608), CD86 (Ss03394398), mannose-receptor (Ss03373693), CD11c (AJ1RVEU), TNF-a (Ss03391318), IL-6 (Ss03384604), CD-68 (AJWR2PY), arginase-1 (Ss03391398) and GAPDH (Ss03374854, for internal control), all from Life Technologies. Negative controls with no cDNA were cycled in parallel with each run. PCR analysis was done on Applied Biosystems ViiA7 Real-Time PCR systems at the following conditions: 50°C for 2 minutes, 95°C for 10 minutes and 40 cycles of 95°C for 15 seconds and 60°C for 1 minute. Fold-changes of each target gene in the obese relative to lean group were calculated using the 2 -ΔΔCT method. Fold changes greater than 2 are considered as significant.
Histology-Adipose tissue fibrosis was analyzed on trichrome stained slides and capillaries manually counted under high power field of microscope (100x). Immunohistochemistry was performed in 5 μm of either frozen or paraffin-preserved subcutaneous and pericardial adipose tissue following standard protocols. Inflammation was assessed by TNF-alpha (abcam 1:50), IL-6 (1:50, Abcam), monocyte chemotactic protein-1 (MCP-1), macrophage staining (CD68, abcam 1:50) and their subpopulations, inducible nitric oxide synthase (iNOS) for pro-inflammatory M1-phenotype, and arginase-1 for reparative M2-phenotype (both Abcam 1:50). Image analysis utilized a computer-aided image-analysis program (AxioVision® Carl Zeiss Micro Imaging, Thornwood, NY). Fibrosis results were expressed as percent of trichrome staining per field. Capillary numbers were expressed per field and all immunohistochemistry results as positive area/total cellular nuclei area. M1 macrophages were quantified as CD68/iNOS double positive area/total cellular nuclei area, and M2 macrophages as CD68/Arginase-1 double positive area/total cellular nuclei area.
Statistical Analysis
Statistical analysis was performed using JMP software package version 8.0 (SAS Institute, Cary, NC). Results were expressed as mean±SEM for normally distributed data. Comparisons within groups were performed using paired Student's t-test and among groups using ANOVA or Wilcoxon when appropriate. p≤0.05 was considered statistically significant.
Results
Systemic characteristics
All animals had similar body weight at baseline, but obese pigs gained weight faster than lean ( Figure 1A ). Fasting HOMA-IR levels were significantly increased in obese at 16 weeks (Table 1) . IVGTT results showed that at all time points plasma insulin levels were increased in obese compared to lean pigs at both 12 and 16 weeks, while glucose levels were increased only at early time point (Figure 1B and C) . In obese pigs, total cholesterol, LDL, HDL, and serum triglycerides were elevated at 12 and 16 weeks. In lean pigs, both total cholesterol and triglycerides fell at 16 compared with 12 weeks, while in obese only triglycerides fell, but remained higher than in lean pigs ( Figure 1D and E). Plasma adiponectin levels were similar between lean and obese pigs at both 12 and 16 weeks, but fell only in obese pigs at 16 compared with 12 weeks (Figure 1F ). By 16 weeks mean arterial pressure was elevated in obese pigs compared with lean (Table 1) . Circulating MCP-1 and TNF-α level were both significantly increased (Table 1 ). These data indicate that domestic pigs fed with high fat/fructose diets display some characteristics of human metabolic syndrome.
Adaption of adipose tissue in obesity
As showed in Figure 2 , both subcutaneous (A) and pericardial (B) adipose tissue accumulations were greater in obese than in lean pigs. In subcutaneous abdominal adipose tissue, adipocyte size gradually increased in obese pigs, and at 12 and 16 weeks was significantly elevated compared to lean pigs ( Figure 2C) . Contrarily, at 16 wks there was no significant difference between obese and lean pigs in the size of pericardial adipocytes (p=0.1, Figure 2D ). Subcutaneous adipose tissue also showed increased capillary density and fibrosis, which were not observed in the pericardial adipose tissue ( Figure 2E ).
In subcutaneous adipose tissue, CD68/iNOS double-positive M1-macrophages were significantly and similarly increased in obese pigs from 8 weeks to 16 weeks, while the number of CD68/arginase-1 double-positive M2-macrophages increased only in obese pigs at 16 compared with 8 weeks and compared with lean ( Figure 3A) . In pericardial adipose tissue, only the number of M1 macrophages was significantly increased in obese compared with lean pigs ( Figure 3B ). Interestingly, real-time RT-PCR showed that mRNAs of M1 (CD86, CD11c), M2 (Arginase-1, mannose receptor), and macrophage (CD-68) markers were 2-fold increased compared to lean only in pericardial adipose tissue, while TNF-α mRNA increased in both subcutaneous and pericardial fat ( Figure 3C and D) . Immunohistochemistry also showed that TNF-α and IL-6 expression increased progressively and by 12 weeks became significant in subcutaneous abdominal fat of obese pigs ( Figure  4A -B), but not in their pericardial fat ( Figure 4C-D) , suggesting a dissociation between macrophage phenotype and inflammatory markers in adipose tissue. Both subcutaneous and pericardial adipose tissue in obese showed a significant increase in MCP-1 expression at 16 weeks compared to Lean pigs ( Figure 5A-B) .
Cardiac hemodynamics and function
At 16 weeks, obese pigs had increased heart rate and rate pressure product (Table 1) . Cardiac systolic (stroke volume, cardiac output, and ejection fraction) and diastolic (E/A ratio, p=0.3) function was similar in both groups (Table 1) . Basal CT-derived myocardial perfusion was slightly but significantly lower in obese (Table 1, p=0.003), yet increased in response to adenosine in both lean and obese pigs (Table 1) . Notably, both circulating and subcutaneous levels of MCP-1 inversely correlated with myocardial perfusion, but this correlation was not observed for pericardial MCP-1 ( Figure 5C -E).
Furthermore, basal myocardial R 2 * values were elevated in obese compared with lean pigs, suggesting myocardial hypoxia, but in neither group did they fall in response to adenosine ( Figure 5F ).
Discussion
This study shows that domestic pigs fed with a high-carbohydrate and -fat diet develop abdominal obesity, hypertension, high triglycerides, and insulin resistance, which constitute the most common features of human metabolic syndrome. We observed both morphological and biological remodeling of the adipose tissue during the development of obesity in this novel porcine model, including increases in adipocyte size and both abdominal subcutaneous and pericardial adipose tissue volume in obese pigs. An increase in M1-macrophage markers was observed in both subcutaneous and pericardial fat, as was elevation in both systemic levels and fat tissue expression of the inflammatory cytokine TNF-alpha and chemokine MCP-1. Inflammatory factors derived from the abdominal and pericardial depots may contribute to the increased circulating inflammatory cytokine levels in obese, which may impair myocardial perfusion, as we observed in vivo.
Conceptually, the subcutaneous fat belongs to systemically-acting fat depots, which include visceral, hepatic, muscle, or neck fat 28 . Locally-acting fat depots include pericardial, perivascular, and renal sinus fat. Previous studies show that accumulation of abdominal visceral fat, compared with overall obesity, has an equally or more important role in the development of cardiometabolic risk 29 . Locally-acting fat depots affect primarily adjacent anatomic organs, directly via lipotoxicity and indirectly via cytokine secretion. A previous study 30 implicated pericardial fat with coronary atherosclerosis, and our results suggest that both systemically-and locally-acting fat depots contribute to impaired cardiac function.
An important limitation to the study of the pathogenesis of metabolic disorders is the lack of large animal models with which to rigorously investigate the progression and biological mechanisms of the disease processes. Rodent models are useful 31, 32 , small, and inexpensive, but exhibit important metabolic differences from primates, particularly in lipoprotein metabolism, the major site of lipogenesis (liver vs. fat), and in adipose tissue characteristics 33 . Monkeys are relatively large in size, exhibit great similarity to human physiology, and develop insulin resistance, dyslipidemia, hypertension, and type II diabetes with adult-onset metabolic syndrome 34 . However, potential spread of disease and ethical concerns limit the use of non-human primates in research. Importantly, pigs show many genetic, anatomical and physiological similarities to humans, allow using clinicallyapplicable medical tools and interventions, and provide ample blood and tissue samples for ex-vivo analysis. The Ossabaw mini-pig strain 26, 27 is a particularly valuable model, which when fed a high-fat/fructose diet develops many aspects of the obese, thanks to its thrifty phenotype. However, their availability is somewhat limited compared to domestic pigs and their body size smaller than humans'. Domestic farm pigs offer the advantages of large body size, genetic diversity, and low cost. However, we have previously found that domestic pigs fed with high-fat/high-calorie diet were characterized by dyslipidemia and vascular dysfunction (e.g., reduced coronary endothelium-dependent vasorelaxation), but little abdominal obesity, spontaneous hypertension, or insulin resistance 12 . In the current study we found that feeding domestic pigs with a diet containing high levels of fructose, fat, and cholesterol over 16wks induced abdominal obesity, hypertension, high LDL and triglycerides, and insulin resistance, common features of human obese. Previous studies have shown that a high fat and fructose diet can induce insulin resistance in rats 13, 14 , Ossabaw mini-pigs 15, 16 , and Yucatan micropigs 35 . This diet may induce multiple abnormalities of insulin signaling by diminishing the association of PI3-kinase with insulin receptor substrate (IRS)-1 in response to insulin and increased serine-307 phosphorylation of IRS-1 35 . Interestingly, although still higher in obese than in lean, plasma triglyceride levels in both groups fell at 16 compared with their 12 weeks levels. This may possibly be related to the fact that when young animal approach adulthood, they tend to use more lipid fuel. Anage-related decrease in circulating lipids was also observed in a murine obese model 36 .
Insulin resistance and visceral obesity have been recognized as important pathogenic factors in obesity. Subcutaneous fat represents a metabolically active organ, strongly related to insulin sensitivity. Mediating the secretion of adipocytokines like adiponectin, TNF-α, IL-6 and resistin, it is associated with the processes of inflammation, endothelial dysfunction, hypertension and atherogenesis. Accordingly, in our domestic pig obese model, the circulating levels of adiponectin, which is considered a protective adipokine, declined at 16 compared to 12 weeks (although not compared to lean pigs). MCP-1 expression was elevated in subcutaneous adipose tissue, accompanied by inflammatory polarization in macrophages phenotype. These activated macrophages may secrete inflammatory cytokines, such as TNF-α and IL-6 that we observed to gradually increase in obese subcutaneous adipose tissue, reflecting metabolic activation of the adipose tissue as an endocrine organ. While plasma IL-6 levels and fat mRNA expression were not increased in our model (suggesting that IL-6 was not produced in-situ), elevated systemic TNF-α level may have contributed to insulin resistance and impaired myocardial perfusion. TNF-α induces not only vascular endothelial dysfunction 37 , but also vascular remodeling 38 . We have previously shown that development of insulin resistance and obesity was characterized by myocardial hypoxia 5 . The decreased myocardial oxygenation detected by BOLD-MRI in obese might be secondary to an impairment in not only myocardial perfusion, but also glucose utilization 5 , because macrophages and cytokines detected in obese may blunt myocardial glucose metabolism 39 . This link to inflammation was further supported by an inverse correlation between circulating as well as subcutaneous MCP-1 and myocardial perfusion in the current study.
We observed enhanced capillary density in subcutaneous adipose tissue, which may be a compensatory response to support marked adipose volume expansion. Local inflammation may be the major cause for the pathological remodeling of the subcutaneous adipose tissue. Pericardial fat has been implicated in the pathogenesis of coronary atherosclerosis 40 , and is associated with elevated TNF-α levels 30 . We found that pericardial fat volume increased in our obese pig, as did visceral fat volume, and ex-vivo studies revealed that while MCP-1 expression and TNF-α mRNA were upregulated in pericardial fat, as were markers of M1 macrophages. These observations imply that inflammation and remodeling proceed in both abdominal subcutaneous and pericardial fat. Thus, increased systemic TNF-α level in our obese pig may have resulted from enhanced inflammation of abdominal and pericardial fat tissues.
Limitations
The study is limited by use of relatively young animals and short diet duration, yet this model recapitulates many features of obesity in humans. Alas, their large size may present difficulty in handling in long-term interventional studies, such as those needed to document development of cardiac dysfunction. Longitudinal biopsies of pericardial fat were not available. The reason for the apparent discrepancy between immunofluorescence and PCR in macrophage markers may be that only double-positive cells are counted as macrophages (e.g., CD68+/iNOS+ or CD68+/arginase-1+), whereas PCR measures single markers. Indeed, both methods revealed adipose inflammation, an important component of obesity. Further studies will need to explore the physiological pathways affecting the adipose tissue and its implications.
In summary, we evaluated a novel domestic porcine model of obesity, which shows many similarities to human disease, including adipose tissue remodeling and pro-inflammatory shift. This model provides a useful tool for research in metabolic diseases.
What is already known about this subject
• Adipose tissue secrets adipokines and pro-inflammatory cytokines contribute to insulin resistance in obesity.
• Pre-clinical animal models of obesity with insulin resistance are limited.
What this study adds
• Domestic pigs fed with a high-carbohydrate and -fat diet develop obesity with insulin resistance.
• Adipose tissue-released inflammatory cytokines may impair myocardial perfusion. Obese pigs progressively gained body weight more than lean (A). Plasma insulin levels increased during IVGTT in obese compared to lean pigs at 12 and 16 weeks (B-C). In obese pigs, total cholesterol, LDL, HDL, and serum triglycerides were elevated at 12 and 16 weeks. In lean pigs, both total cholesterol and triglycerides fell at 16 compared with 12 weeks, while in obese only triglycerides fell, but remained higher than in lean pigs (D-E). Plasma adiponectin levels were similar between lean and obese pigs, but were decreased only in obese pigs at 16 compared with 12 weeks (F). *p<0.05 vs. lean. †p<0.05 vs. 12wks In subcutaneous adipose tissue, the number of M1 macrophages similarly increased in obese pigs from 8 to 16 weeks, while the number of M2 macrophages only increased in obese pigs at 16 weeks compared with 8 weeks and with lean (A). In pericardial adipose tissue, only M1 macrophages increased in obese compared with lean (B). Macrophage mRNA (CD68) and both M1 (CD 86, CD11c) and M2 (Arginase-1, mannose-receptor) markers increased only in pericardial adipose tissue, while TNF-α mRNA increased in both subcutaneous and pericardial fat (C-D). *p<0.05 vs. lean. †p<0.05 vs. 12wks Longitudinal changes in MCP-1 expression in subcutaneous (A) and pericardial (B) adipose tissue of obese pigs. Both circulating and subcutaneous MCP-1 inversely correlated with myocardial perfusion, but this correlation was not observed for pericardial MCP-1 (C-E). (F) Representative BOLD-MRI images showed increased myocardial hypoxia in obese pigs and quantification of R2*. *p<0.05 vs. lean.
